Aims: The relationship of Atlantic salmon gastrointestinal tract bacteria to environmental factors, in particular water temperature within a commercial mariculture system, was investigated.
Introduction
Microorganisms present in fish gastrointestinal (GI) tracts are known to contribute to fish health (Olafsen 2001; Ringø et al. 2003; van Kessel et al. 2011) . The fish GI tract is inhabited by many different microorganisms, and it is an important route for invasion of pathogenic bacteria and subject to microbial colonization (Hovda et al. 2007; van Kessel et al. 2011) . There is a need to better understand how dietary regimes and the surrounding environment influence the GI tracts of maricultured fish species. Understanding changes in bacterial communities within the GI tract and their role in health of the fish is important within the broader agenda of mariculture productivity and sustainability.
Temperature, salinity and oxygen concentration strongly affect the health and growth rates of fish (Cahill 1990) . These factors may also contribute to the diversity and community structures of fish GI tract microbiota. Pankhurst and King (2010) showed that increasing water temperature due to climate change may initially be beneficial in terms of increased growth rates, but there is a small thermal window beyond which temperature increase has detrimental effect upon growth, disease susceptibility and reproduction. Atlantic salmon (Salmo salar L.) are temperature sensitive (Oppedal et al. 2011) and show a strong dependence on temperature for their reproduction cycle and reproductive development (Pankhurst and King 2010) . Furthermore, certain fish diseases such as amoebic gill disease (AGD) become increasingly prevalent at higher temperatures (Adams and Nowak 2003; Steinum et al. 2008) . Salmon growth may decline by 20% to 25% if water temperature increases from 16°C to 20°C (Oppedal et al. 2011) , depending on the associated husbandry -based management of farmed populations.
A range of variables such as water temperature, oxygen availability, diet, and stocking levels may affect fish health and performance. The majority of Atlantic salmon production takes place in marine net cages, where the fish's ability to adjust to fluctuations in the natural environment is limited within the confines of the production enclosure. Thus changes to the physical environment may induce a stress response that incurs a physiological energy cost to the fish (Oppedal et al. 2011) . Clark and Nowak (1999) reported that surface water temperatures in south-eastern Tasmania, Australia reach 18°C to 20°C in summer. Thus, further long-term surface water temperature increases could impact on productivity and economic sustainability of salmon mariculture in this region. At this stage, temperature effects are ameliorated by husbandry strategies, including lowered stocking density, optimized seasonal diets and by optimizing water flow and oxygen availability through net hygiene and aeration or oxygenation.
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Previous studies indicate that the dominant culturable bacteria from the salmon GI tract include Vibrio spp., Aliivibrio spp., Photobacterium spp., Enterobacteriaceae, Lactobacillus spp., Lactococcus spp., Flavobacterium spp., and Pseudomonas spp. (Cahill 1990; Ringø et al. 1995) . Mycoplasma spp., Carnobacterium spp., Citrobacter spp., and Clostridium spp. have also been identified using molecular-based methods (Holben et al. 2002; Hovda et al. 2007) . Lactobacillus spp., Lactococcus spp. and others lactic acid bacteria have been indicated to be a major components of the gut microbiota of healthy salmon, and are presumed to provide benefits through immunomodulatory effects and pathogen antagonistic interactions with the intestinal epithelial cell layer as well as providing nutrients by contribution to digestion (Ringø and Gatesoupe 1998; Balcázar et al. 2006; Balcázar et al. 2008; Ringø et al. 2009 ).
Conventional cultivation methods likely bias knowledge of the salmon GI tract bacterial community and may not accurately reflect the complete microbial composition (Suau et al. 1999; van Kessel et al. 2011) . Therefore more recent investigations have applied molecular approaches (Hovda et al. 2007; Navarrete et al. 2009 ). Next generation sequencing (NGS) is a powerful technique allowing the investigation of the complex microbial community composition in different environments (Hong et al. 2010; Vahjen et al. 2010; van Kessel et al. 2011) . The estimation of microbial diversity in the salmon GI tract by high throughput molecular screening of the 16S rRNA genes in multiple samples could provide an effective means to assess the diversity of microbiota in the GI tract of salmon and its changes over time in relation to environmental conditions and farm management.
The purpose of this study was to determine how salmon GI tract bacteria vary during the commercial marine growth cycle and to identify possible relationships with the environmental conditions. Furthermore, the study aimed to identify whether two different commercial diet series (in term of protein contains and energy levels) influenced the composition of GI tract bacteria in salmon.
Materials and Methods
Fish diets
Two different commercial diet series incorporated in this study were those routinely used at the salmon farm investigated. Each diet series comprised three distinct parts referred to as transfer diets, summer diets and grower diets, respectively, implemented for optimization of feed conversion and associated fish growth. The diet series are referred to in this study as "diet group A" and "diet group B". The general basic composition of each of the diet group is shown in Table 1 with the differences in protein and lipid content and energy level indicated. The major ingredients with the diets include different proportions of fishmeal, fish oil, wheat flour, and vitamin and mineral premixes. Specific details of the diet formulations are however proprietary knowledge. (Table S1 ). Since individual fish tracking was not logistically feasible as well as potentially imparting handling stress on the fish, samples were collected by randomly seining a large group of fish, crowding the fish in the seine to minimize bias and subsequently dip-netting a small batch of fish into 17 ppm Aqui-S anaesthetic (Aqui-S, Lower Hutt, New Zealand). Fish were assessed for the presence of AGD (Taylor et al. 2009 ), individually weighed and hind-gut contents obtained from 6 fish from each diet group (12 fish in total for each sampling time) by gently squeezing faecal samples into sterile plastic vessels. Six fish per group were chosen to account for variation within a population, in line with previous studies (Holben et al. 2002; Hovda et al. 2007) . Faecal samples were then transported to the laboratory on ice and processed within three hours. Other farm data obtained included water temperature and oxygen concentration (collected at a water depth of 5 m).
Sample collection
Total faecal DNA extraction
Total bacterial DNA was extracted directly from the faecal samples using the QIAamp DNA Stool Mini Kit (QIAGEN Sciences, Germantown, MD, US) following the manufacturer's instructions. The direct DNA extraction was performed soon after sampling or on samples that were maintained frozen at temperature -80°C.
16S rRNA gene pyro-sequencing
To examine the microbial communities present in the faecal samples 16S rRNA gene tag pyrosequencing was applied to each of the 108 samples collected during the study. Tag-encoded FLX amplicon pyrosequencing of the region covered by application of the 341F and 907R primers (Lane et al. 1985; Muyzer et al. 1993) was carried out by Research and Testing Laboratories (Lubbock, Texas) using a Roche 454 FLX instruments with titanium reagents as previously detailed by Dowd et al., (2008) . Approximately 3000 raw reads were obtained per sample. Sequences were denoised and chimera-filtered through a bioinformatics pipeline (Lanzén et al. 2011) . Briefly, all sequences were organized by read length and de-replicated using USearch (Edgar 2010) . The seed sequence for each cluster was then sorted by abundance and then clustered again with a 1% divergence cut-off to create consensus sequences for each cluster. Clusters containing only one sequence or <250 bp in length were then removed. Seed sequences were again clustered at a 5% divergence level using USearch to confirm whether any additional clusters appeared. Once this process was completed any reads that failed to have a similar or exact match to seed sequences (typically poor quality reads) were removed. Chimeras were also removed from the clustered sequences created during denoising by using UCHIME in the de novo mode (Edgar et al. 2011) . Each seed sequence with its tag removed was then queried against a database of high quality sequences derived from the NCBI database using a distributed .NET algorithm that utilized BLASTN+ (KrakenBLAST, www.krakenblast.com). High scores matches were grouped in terms of taxonomic hierarchy based on per cent similarity values (Suchodolski et al. 2009 ). Sequences that yielded high score matches of <75% were discarded.
Statistical analysis
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The relative abundance of taxa at the genus level in the two different fish diet groups was compared using unsupervised hierarchical clustering using Cluster 3.0 (de Hoon et al. 2004) . Clustering was based on complete linkage comparisons utilizing uncentred correlations. The derived cluster matrix was then used to create heat maps using Java Tree View version 1.1.6r2 (Saldanha 2004) . To assess the influence of different factors on community compositions, PRIMER6 and PERMANOVA+ (version 6.1.12 and version 1.0.2; Primer-E, Ivybridge, UK) respectively were used to conduct permutation multivariate analysis of variance (PERMANOVA) (Anderson et al. 2005) , and canonical analysis of principal coordinates (CAP) (Anderson and Willis 2003) . For this analysis sequence read data organized at the genus-level was normalized as percentages, square root transformed and a resemblance matrix created by calculation of Bray-Curtis coefficients. PERMANOVA was conducted using default settings with 9999 permutations, while CAP was conducted using default settings. The PERMANOVA derived significance values were considered significant when P < 0.01, while 0.01 < P < 0.05 were considered only marginally significant.
Results
Fish size and environmental conditions. Surface (5 m) water temperature changed seasonally throughout the 13 month survey (Table 2) . Temperature exceeded 16°C for 4 months (mid-December to early April) with a peak at 19.9°C on 29 th January 2012; the lowest temperature recorded was 9.2°C on 14 th and 27 th July 2011. The average weight of fish sampled from the different cages representing diet groups A and B increased throughout the study period with no significant differences between samples from the two diet groups (Table 2) .
Salmon faecal communities are dominated by members of the family Vibrionaceae in salmon from spring and onwards.
Cultivation independent means were used to provide a high resolution picture of salmon faecal microbial diversity across a large proportion of the marine production cycle. In all, 297,000 high quality sequences reads were obtained with 28 bacterial genera predominating within samples. The pyrotag read data indicated that faecal samples were dominated by bacterial genera belonging mainly to the class Gammaproteobacteria and the phyla Firmicutes and Bacteroidetes. In faecal samples obtained from post-smolt salmon (weight <1 kg), collected between July and September, the majority of reads grouped in the aerotolerant fermentative genera Lactococcus, Weisella, Leuconostoc, Cloacibacterium, and Carnobacterium, and also the facultative anaerobe Diaphorobacter (55.9-74.2% of total reads). Post-smolt faecal sample community structure was very similar across this time period (Fig. 1) . MDS plots of mean bacterial composition distribution according to month indicated that faecal community structure changed along a trajectory that was similar between the two commercial diet series used at the farm (Fig. 2) . However, as time progressed through summer and early autumn (January to March) these genera declined or became undetectable (Fig. 1) . Instead members of the family Vibrionaceae, including Vibrio, Aliivibrio, and Photobacterium became increasingly dominant making up the vast majority of sequence reads in most samples surveyed between December 2011 (late spring) and May 2012 (autumn) (Fig. 1 and  Fig. 3) . The main species of Vibrionaceae present include those that can be considered typical of fish GI tracts including Vibrio ichthyoenteri, Vibrio fischeri, Aliivibrio wodanis, and Photobacterium
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TIA is a joint venture between the University of Tasmania and the Tasmanian Government phosphoreum. The dynamism in GI microbial community restructuring is underscored by high levels of plant-derived chloroplast 16S rRNA gene sequences appearing in faeces (up to 65% of reads, Fig.  S1 ), mainly for samples collected during the summer period. The chloroplast 16S rRNA sequences were mostly similar to those from leguminous plants, in particular Lupini. The enrichment of chloroplasts corresponds to increased lupin kernel meal (and the equivalent) addition to the "summer diet" (Table 1 ) balanced with fish meal to provide protein and other nutrients (Glencross 2008) .
Microbial community structure in farmed salmon is dynamic and community changes are acyclic. PERMANOVA analysis demonstrated that faecal populations changed as the seasons progressed. Faecal microbial communities were statistically different between the initial winter, summer and the second winter (P<0.001, Table S2a ) with community structure dynamically changing over the course of the survey to be completely different to the starting point (Fig. 2) . There was no difference in bacterial community structure between commercial diet groups as suggested by PERMANOVA analysis (P=0.2288, Table S2a ). However, PERMANOVA analysis of samples from each sample time point indicated commercial diet groups showed differences (P=0.0098, Table S2b ) while the community structure differences were highly significant by comparison (P<0.001, Table S2b ). The distinctiveness of the faecal microbial communities as effected by diet groups were not evident for the July, November, February and March sampling times but were more separate for the September, December, January, May and August time points. These differences are illustrated in canonical analysis of principal coordinates (CAP) plots, which show clustering can be readily correlated on the basis of season and sampling time ( Fig. 4a and Fig. 4b ). Since communities change in a distinct trajectory over time, it is possible faecal communities are potentially predictable with lactic acid bacteria being abundant in post-smolt with subsequent adult fish populations being dominated by Vibrionaceae, while close to harvest the community shifts away from the Vibrionaceae predominance (Fig. 4b) .
Discussion
This study describes hind-gut bacteria from sea cage-reared Atlantic salmon fed two commercial diets over a nearly complete farm production period. Although the summer was not considered extreme by Tasmanian standards, the fish experienced a continual four month period at above 16°C. Atlantic salmon (depending on genetic type) have higher tolerance to warm water temperatures compared to other salmon species (McCullough 1999) . Studies have defined the temperature range for growth of Atlantic salmon as between 6°C and 22°C with an optimum temperature of 14°C (Elliott and Hurley 1997) . The effect of high water temperature appears to be cumulative with thermal stress occurring following short periods of high temperature with insufficient recovery periods (Oppedal et al. 2011) . In this study the populations sampled were growing within normal commercial expectations for summer, thus the data here within do not involve salmon in poor health. It is likely that bacterial turnover in the gut is highest during summer. Most studies show that evacuation rate increases exponentially with temperature (Kawaguchi et al. 2007 ), though Handeland et al. (2008) found that the rate of change declines near the upper thermal tolerance of the species. This physiological response would likely have a profound effect on the nature of Atlantic salmon GI microbial communities during summer and the capacity to influence them via dietary manipulation.
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The most abundant microbes in this study identified by pyrosequencing for both diet groups were Vibrio spp., Aliivibrio spp., and Photobacterium spp. in summer; Lactococcus spp., Leuconostoc spp., Lactobacillus spp. and Weissella spp. in post-smolt following marine transfer from hatcheries to stock salmon farms in the Australia winter (June). In addition, Pseudomonas and Pseudoalteromonas appeared to be the most predominant taxa that occur in the wake of the Vibrionaceae domination during summer. The study of Hovda et al. (2007) , which utilized DGGE analysis also showed adult salmon possessed bacterial populations of similar types observed here. Various bacteria such as Aeromonas salmonicida, Piscirickettsia salmonis, Yersinia ruckeri and V. anguillarum are serious salmonid pathogens. Some related strains with low pathogenicity occur in Tasmania, however examination of the pyrosequencing data did not reveal any reads matching known pathogens. The farmed salmon examined in this study were only vaccinated against the non-Hagerman serotype of Y. ruckeri, which has relatively low virulence (Carson and Wilson 2002) . Mycoplasma have been associated with wild adult salmon (Holben et al. 2002) and are suspected to be innocent saprophytes (Austin and Austin 2007) . In this study, this taxon was only detected sporadically, but when present, it dominated the GI tract communities as was previously observed (up to 92% of reads in some specimens). The sporadic incidence of Mycoplasma in farmed salmon is interesting in that these taxa are quite fastidious and have a fermentative metabolism and presumably are ecologically restricted to the host fish. The sporadic nature may suggest host factors at play that may influence GI tract community structure and contribute to dynamic changes.
The bacterial colonization and growth within the salmon GI tract would be promoted due to the high nutrient content of salmon diet, which consists of a mix of proteins, lipids and the high energy level in the fish feed. Since Vibrionaceae are fast growing facultative anaerobic copiotrophs (Aiyar et al. 2002) , we predicted this group is abundant within salmon GI tract, because Vibrionaceae being typically marine and/or estuarine are abundant in the waters surrounding the salmon cages (Jones et al. 2007 ). This would be further enhanced by release of Vibrionaceae-rich faeces and thus intake of water by the fish during feeding may accelerate their predominance. In our study we initially considered that GI tract microbial populations collected from faecal samples were allochthonous. However, it is possible Vibrionaceae and other bacteria are imbibed in large numbers and are capable of persistence, growth and colonization in the GI tract The prevailing view of bacterial colonization of fish GI tracts is that it reflects the bacterial composition of the surrounding water and the diet used (Ringø and Olsen 1999) .
Temperature has a fundamental effect on bacterial growth, and all bacteria have specific minimum, optimum and maximum temperatures determined by inherent thermodynamic constraints (Corkrey et al. 2012) . It is possible that rapid community changes are due to certain taxa having a competitive advantage over others in being fast growing. However as water temperature, diet and host physiology changes, competitiveness is lost by some taxa and gained by others resulting in both competition and colonization opportunities (Mouquet et al. 2005) . The rapid transit of feed through the salmon gut, together with seasonal temperature change and adjustment of commercial diet strategy undoubtedly has a dynamic impact upon colonization-competition processes at least through the winter to summer and summer to winter transitions, as supported by the large scale shifts in community structure observed at these times. It is probable that the rapid temperature change between spring and summer drives the change from lactic acid bacterial (Lactococcus,
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Weisella, Leuconostoc, Lactobacillus and Carnobacterium) dominance to that of Vibrionaceae in summer, however the lactic acid bacterial populations do not regain predominance as temperatures decline into the second winter. Therefore it is likely that seasonal changes that affect gut microbiota are driven by the interplay between temperature, fish physiology (age, size, maturation) and dietary changes. Our results considerably contrast with data from Hovda et al. (2012) , who used fingerprinting analysis to show salmon GI tract bacterial communities, consisting of those presumed to be attached to the gut epithelial layer, were stable over seasonal periods. Besides methodological differences the different responses could be due to the regional differences since Tasmania water temperatures are generally 4C warmer than that of southern Norwegian waters (for example around Stavanger, annual average range range 4.5-16.8C versus 9 to 20C for the study site examined here). Such thermal differences could have strong effects on seawater taxa that might be present capable of colonizing the salmon GI tract. Farm management practices, diet regimes and general physiological stress levels also could potentially contribute to community structural differences and the community stability. Bacteria tightly adhered to the GI tract epithelial layer were not specifically analysed in this study and it is possible these populations are more stable than what is observed in the bulk faeces. Further work will be needed to assess these particular populations and determine their effect on salmon physiology.
External abiotic factors such as salinity, as well as the host physiology are influential on the structures of fish GI microbial communities (Sullam et al. 2012) . The influence of host physiology could relate to the immune system and intestinal epithelial cell receptor interactions with bacteria. Diet however has been shown to impact, at least in a transient manner, fish GI tract microbiota. The age, health status, diet, season, development stage and eating patterns of farmed salmon likely also contribute to the variability in faecal microbial communities between individual fish. Previous studies have suggested that dietary composition is one of the most important factors when it comes to shaping the fish GI microbial community and switching diet regime seems to shift microbial diversity and/or community structure (Ringø and Olsen 1999; Ringø et al. 2006; Askarian et al. 2012; Sullam et al. 2012) . In our study, salmon GI bacteria were not significantly different between the two commercial diet groups. Differences in the levels of diet ingredients, such as protein to lipid ratios and digestible energy levels (Table 1 ) seem be too small to produce detectable impacts on the community structure. The dynamics in community structure variations could relate to the diet composition changes or alternatively to a salmon-associated physiology response or both, thus a much more focused study is needed to link community structural changes with specific dietary factors and salmon physiology.
In this study we describe the predominant lactic acid bacteria (in post-smolt over winter and spring) and Vibrioneceae (in larger fish from late spring onwards) within farmed Atlantic salmon hind-gut faecal communities. Results were largely corroborative with other studies though we show much greater detail in the community structures and also demonstrate the communities were strongly seasonally dynamic, which differs from other observations of GI tract communities (Hovda et al. 2012) . In this respect the study also analysed sufficient samples to resolve community transitions over seasons despite variability between fish and diets and determined the effect of different commercial diet formulations had a relatively minor effect. The sequence data obtained could be used to compare salmon aquaculture management strategies as well as mariculture practiced in different regions that may have similar or different climactic conditions. A number of studies have
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TIA is a joint venture between the University of Tasmania and the Tasmanian Government recently used pyrosequencing to investigate farmed fish GI tract microbiota (van Kessel et al. 2011; Wu et al. 2012) but have yet to compare them over a production cycle. Further studies of this nature could reveal important links between fish productivity, health, diet and husbandry strategies. Since the study is naturally limited by the farm gate-related fate of the salmon, it is thus uncertain if the observed GI tract communities eventually would develop to form stable communities observed in wild animals and apparently wild fish species Sullam et al. 2012) , or is perpetually unstable representing an ecosystem that is partly exposed to the outside environment and thus readily affected by changes occurring there. This fact influences future directions in which maricultured fish species may have to be managed in the face of environmental changes as well as the economics associated with the cost of production in particular the value of fish feed components.
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